The production of mature germ cells capable of generating totipotent zygotes is a highly specialized and sexually dimorphic process. The transition from diploid primordial germ cell to haploid spermatozoa requires genome-wide reprogramming of DNA methylation, stage-and testis-specific gene expression, mitotic and meiotic division, and the histone-protamine transition, all requiring unique epigenetic control. Dnmt3L, a DNA methyltransferase regulator, is expressed during gametogenesis, and its deletion results in sterility. We found that during spermatogenesis, Dnmt3L contributes to the acquisition of DNA methylation at paternally imprinted regions, unique nonpericentric heterochromatic sequences, and interspersed repeats, including autonomous transposable elements. We observed retrotransposition of an LTR-ERV1 element in the DNA from Dnmt3L ؊/؊ germ cells, presumably as a result of hypomethylation. Later in development, in Dnmt3L ؊/؊ meiotic spermatocytes, we detected abnormalities in the status of biochemical markers of heterochromatin, implying aberrant chromatin packaging. Coincidentally, homologous chromosomes fail to align and form synaptonemal complexes, spermatogenesis arrests, and spermatocytes are lost by apoptosis and sloughing. Because Dnmt3L expression is restricted to gonocytes, the presence of defects in later stages reveals a mechanism whereby early genome reprogramming is linked inextricably to changes in chromatin structure required for completion of spermatogenesis.
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epigenetics ͉ meiosis ͉ histone modification ͉ heterochromatin ͉ DNA methylation C hromatin modification is central to epigenetic control of the genome. Recently, mechanistic links between histone modifications, DNA methylation, and chromatin remodeling have emerged, giving clues to the interlocking layers of regulation that exist (1) . Spermatogenesis has the unique epigenetic requirements of genomic imprint establishment, specialized transcription, meiosis, and the histone-protamine transition. Data on epigenetic modifications specific to gametogenesis is, however, mostly restricted to imprint establishment (2) . The establishment of genomic imprints is defined by the sex-specific acquisition of differential methylation on a small subset of genes. Despite lacking methyltransferase activity (3, 4) , DNA methyltransferase 3-like (Dnmt3L) is essential for the establishment of maternal methylation imprints during oogenesis (5, 6) , probably by stimulation of Dnmt3a (7) . Recent reports indicate that it has a similar role in the establishment of paternal imprints, although the extent to which it is required appears to vary between studies (7, 8) . Progeny of Dnmt3L Ϫ/Ϫ females fail to develop past 9.5 d postcoitum, and Dnmt3L Ϫ/Ϫ males are sterile, with spermatocytes failing to complete meiosis (5, 6, 8) . This divergence of phenotype is indicative of either a sex-specific Dnmt3L function or different developmental consequences in the absence of the same function. A male-specific function was supported by the finding that Dnmt3L Ϫ/Ϫ male germ cells also display hypomethylation at the long interspersed nuclear element (LINE)-1 and intracisternal A particle (IAP) transposons, indicating a wider role in de novo methylation (8) .
The erasing and resetting of genomic imprints is part of a larger program of genome-wide reprogramming during gametogenesis. Despite this, little is known about the extent or functional consequences of DNA methylation at other singlecopy or repeat sequences (9, 10) . The rapid demethylation of the paternal genome (excluding imprinted regions) in the zygote (9, 11) suggests that the methylation at nonimprinted sequences may be reset specifically for successful passage through spermatogenesis.
Passage through spermatogenesis requires not only a unique program of transcription but also dynamic chromatin morphogenesis during meiosis and the histone-protamine transition. Meiosis differs substantially from mitosis in that it involves the exchange of genetic material between homologous chromosomes. This additional complexity requires further chromatin remodeling and transcriptional regulation, particularly during prophase I when chromosomes condense, seek out their homologs, align, synapse, and recombine (12) (13) (14) (15) (16) . The mechanisms underlying mammalian homolog recognition and pairing are not well understood (17) , and little is known about the epigenetic mechanisms regulating these steps.
Our analysis of Dnmt3L Ϫ/Ϫ males reveals direct roles for Dnmt3L in epigenetic changes that occur throughout the early stages of spermatogenesis. Dnmt3L contributes to the acquisition of DNA methylation not only at paternally imprinted regions but also at unique nonpericentric heterochromatic sequences and interspersed repeats. Chromatin compaction appears to be impaired in meiotic cells, as evidenced by differences in the accessibility of histone epitopes, and homologous chromosomes fail to align and form synaptonemal complexes (SCs), leading to spermatogenetic arrest and loss of spermatocytes. These results indicate that many of the specialized changes in chromatin morphology occurring during meiosis require Dnmt3L, either directly or indirectly.
Materials and Methods
For details, see Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Dnmt3L Targeting Vector and Generation of Knockout (KO) Mice.
Dnmt3L KO mice were generated by the insertion of the LacZ gene into exon 5, disrupting the plant homeodomain-like zinc finger domain ( Fig. 1 A and B) . The phosphoglycerate kinaseneomycin cassette was later removed by breeding the mice to a cre-transgenic strain (18) . Southern blot analysis detected products of 8.8, 14.0, and 12.2 kb for the WT, targeted, and excised alleles, respectively (Fig. 1C) .
X-Gal Staining. Tissues were embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA) and snap-frozen in isopentane͞liquid nitrogen. Cryostat sections (10 m) were stained as described in ref. 19 and counterstained with nuclear fast red.
Testis TUNEL Staining and EM. Testes were fixed in Bouin's fluid and processed for histology (20) . The timing of germ cell loss was determined by comparison of WT (n ϭ 8), heterozygous (HET) (n ϭ 7), and KO (n ϭ 8) animals at ages indicative of the appearance of particular germ cell types: i.e., postnatal mice were included because of the bias caused by the progressive and rapidly degenerating seminiferous epithelium. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] testes. This range of KO mice was used because of the general difficulties in obtaining age-matched juvenile mutant mice; however, the spermatocyte arrest in KO mice precluded any contamination from more mature cells. Two independent isolations were performed.
Immunohistochemistry (IHC
Bisulfite Genomic Sequencing. DNA was bisulfite-treated as described in ref. 22 (but with a 16-h incubation), PCR-amplified, subcloned, and sequenced.
AMP Protocol. Spermatogonia were analyzed for genome-wide methylation polymorphisms by using the AMP protocol (D.K.H., H.A., S.F., N.P., and B.J.C., unpublished data), described in more detail in Supporting Materials and Methods.
Results

Inactivation of Dnmt3L Causes Germ Cell Arrest in Meiotic Spermatocytes.
To investigate the role of Dnmt3L, we analyzed its expression by using the LacZ reporter gene. X-Gal staining detected high levels of expression in the gonocytes of perinatal testes ( Fig. 1D ), as found previously (5). This expression was corroborated by using a Dnmt3L antibody (data not shown). Adult Dnmt3L Ϫ/Ϫ mice exhibited severe hypogonadism and were sterile. We first observed the appearance of germ cell aberrations early in meiosis of the first spermatogenic wave (d 14) . At this time, the tubules appeared arrested, with many containing a buildup of leptotene and zygotene spermatocytes. However, germ cells with light microscopic characteristics of early pachytene spermatocytes ( Fig. 2 A and B) were clearly visible (up to and including stage IV). Cell types beyond this stage of development were never observed. By d 70, however, only cells with a light microscopic appearance consistent with leptotene spermatocytes and spermatogonia were present, and the vast majority of tubules were Sertoli cell only (data not shown). TUNEL staining and transmission EM revealed that germ cells were lost both by apoptosis and germ cell sloughing into the tubule lumen, whereby entire clonal lines were ejected by Sertoli cells (Fig. 2 C-F) . The number of TUNEL-positive cells per section of KO testes far exceeded that in WT sections (Fig. 2I) . Because the apoptosis occurs on a background of increasing spermatogenic ''dropout'' by sloughing, the number of apoptotic cells counted in the TUNEL assay certainly underestimates the contribution of apoptosis to germ cell loss. The processes of apoptosis and sloughing were reflected in the ''vacuolated'' appearance of the epithelium (Fig. 2F ). Sertoli cells retained normal Sertoli-Sertoli cell junctions, indicating that the progressive phenotype was not due to breakdown of the blood-testis barrier (Fig. 5 , which is published as supporting information on the PNAS web site).
Male Germ Cell Arrest Results from Failure to Form the SC. By using transmission EM, abnormalities in Dnmt3L Ϫ/Ϫ testes were first detected in prophase I during the first spermatogenic wave. Single leptotene threads, indicative of unpaired condensed chromosomes, were detected in Dnmt3L Ϫ/Ϫ spermatocytes (Fig.  2H) . Normally, synapsis of homologous chromosomes commences in zygotene and is completed by the pachytene stage (Fig. 2G) . Although occasional profiles from Dnmt3L Ϫ/Ϫ testes suggested that partial synapsis had occurred, the central elements were poorly developed and barely visible ( Fig. 2 H and J) . The classical tripartite appearance of the pachytene SC was not observed (Fig. 2G) . Furthermore, many leptotene spermatocytes showed abnormal aggregates of ribosomal particles (Fig.  2H) (also visible by light microscopy). These observations indicate that the cells identified at the light microscopic level during the first wave of spermatogenesis, with morphological characteristics consistent with zygotene and pachytene spermatocytes, were, in fact, ultrastructurally abnormal. This finding is consistent with the aberrant appearance of Dnmt3L Ϫ/Ϫ meiotic chromosome spreads stained with an antibody against the SC protein 3 (data not shown) (23) . Asynapsis, nonhomologous synapsis, and complex branched structures were observed, with no spermatocytes achieving complete synapsis (pachytene), in agreement with a previous report (8) .
Dnmt3L Is Required for Correct Establishment of Paternal Methylation
Imprints. Because Dnmt3L is essential for the establishment of maternal methylation imprints during oogenesis (5, 6), we investigated the methylation status of imprinted genes in male germ cells by using bisulfite sequencing. We analyzed a cell preparation of type B spermatogonia, preleptotene, and leptotene spermatocytes, a population in which the methylation of paternal sequences should be nearing completion and all maternal imprints are erased (24) . The differentially methylated regions (DMRs) of maternally imprinted genes Snrpn and Igf2r were appropriately unmethylated in KO mice (Fig. 6 , which is published as supporting information on the PNAS web site), whereas the DMRs of H19 and Rasgrf1 displayed marked differences from control animals. In WT animals, the majority of alleles had acquired methylation (Fig. 3 A and B) , with unmethylated alleles attributed to the variable maturity of the cell preparation and methylation normally continuing until pachytene spermatocytes (24) . In contrast, the majority of alleles of the KO Rasgrf1 DMR were unmethylated, and the H19 DMR displayed a mosaic methylation pattern within strands (Fig. 3 A  and B) . This mosaic methylation of H19 confirms that reported recently (8) , whereas the hypomethylation of Rasgrf1 differs from a previous finding (7). These results indicate that Dnmt3L is required for the establishment of normal paternal methylation imprints during spermatogenesis. However, the locus-specific effects and the presence of some methylation in Dnmt3L Ϫ/Ϫ male germ cells, but not Dnmt3L Ϫ/Ϫ female germ cells (5, 6), suggest sex-specific differences in the mechanism of Dnmt3L-mediated methylation during gametogenesis.
Dnmt3L Is Required for Methylation at Additional Genomic Sequences.
It seemed unlikely that the abnormal methylation of imprinted genes could be responsible for such a profoundly disrupted meiotic phenotype. Moreover, because Dnmt3L can stimulate DNA methyltransferase activity in a sequence-independent manner (4), we were interested in the methylation status of other genomic regions. We applied the AMP protocol (D.K.H., H.A., S.F., N.P., and B.J.C., unpublished data) to compare the genome-wide methylation patterns of DNA from Dnmt3L Ϫ/Ϫ and WT spermatogonia. We compared Ϸ1,960 amplified loci or 3,920 CpG dinucleotide sites, representing Ϸ0.008% of the estimated 5 ϫ 10 7 5-mCpG sites in the genome (25) . From these 1,960 loci, we detected 22 methylation polymorphisms that showed loss of DNA methylation in Dnmt3L Ϫ/Ϫ spermatogonia ( Fig. 3C ; see also Fig. 7 , which is published as supporting information on the PNAS web site), indicative of Ϸ1-2% of normally methylated CpGs in the genome being hypomethylated. No PCR products coincided with the DMRs of H19, Igf2r, Rasgrf1, and Snrpn. We attempted to identify eight hypomethylated loci by cloning and sequencing and have confirmed the identity and sequence of three (Table 1) . Among the confirmed loci, there are two LINEs (D2 and D4) and a unique GC-rich sequence (D3). Both D2 and D3 are in gene-poor heterochromatic regions of the genome, with D2 mapping to the X chromosome. D4 cannot be mapped precisely to the mouse genome, because its sequence is entirely contained within the 5Ј UTR of the Ϸ7-kb or 5-kb consensus of either the L1MdT or the L1MdGf subfamilies of L1s. This observation is consistent with a recent finding that showed hypomethylation and transcriptional activation of L1s in Dnmt3L Ϫ/Ϫ male germ cells (8) . The cloning of the other five hypomethylated loci sometimes resulted in multiple clones and sequences from the same band. However, they could not be confirmed because of a lack of DNA. Despite this, the sequences obtained include other interspersed repeats, such as LTRs and short interspersed nuclear elements, and GC-rich regions but nothing that can be classified as a CpG island (data not shown). The involvement of Dnmt3L in the methylation of both imprinted regions and many other sequences, as detected by AMP, reveals a broad role for this protein in genome reprogramming during spermatogenesis.
In addition to the 22 hypomethylated loci, we identified a locus present in both the undigested and digested KO germ cell samples that was absent from the KO somatic cell aliquot and all WT germ cells (Fig. 3D) . This identification indicates that we have detected a locus specific to the KO germ cells and thus a de novo mutation. We cloned, sequenced, and confirmed this locus (D1 in Table 1 , and Fig. 3E ). As with D4, D1 cannot be mapped precisely to the mouse genome, because its sequence is entirely contained within the 5Ј UTR of the Ϸ7.5-kb consensus of the RLTR6Mm-int subfamily of ERV1 LTRs. We conclude that the presence of this AMP band in germ cells, but not in somatic tissues of the Dnmt3L Ϫ/Ϫ mice, is due to retrotransposition.
Change in Chromatin Structure During Condensation and Synapsis in
Dnmt3L ؊/؊ Meiotic Cells. The DNA methylation defects we observed appear to be a direct consequence of the absence of Dnmt3L during early spermatogenesis. However, because the spermatogenic crisis is not observed until early meiosis, we investigated the possibility of additional epigenetic anomalies that could link the early Dnmt3L expression and DNA methylation defects with the meiotic defect occurring cell divisions later. We examined the status of chromatin by IHC using a panel of antibodies against modified histones in WT and Dnmt3L Ϫ/Ϫ spermatogenic cells. Distinctive temporal differences in chromatin staining patterns were observed in WT and KO germ cells throughout the spermatogenic wave, using antibodies specific for acetylated and methylated histones ( Fig. 4 ; see also Figs. 8 and 9, which are published as supporting information on the PNAS web site).
During WT spermatogenesis, spermatogonia through to preleptotene spermatocytes stained positively for acetylated histone H4 (associated with active, open euchromatin), whereas meiotic spermatocytes and round spermatids were negative. Acetylated histone H4 labeling was again detected in elongating spermatids (Fig. 4A) (26) . Conversely, in the KO, acetylated H4 was observed in later stages, in cells with light microscopic characteristics of leptotene, zygotene, and early pachytene spermatocytes (the most mature stage observed) (Fig. 4B ). This SINE, short interspersed nuclear element; U, undigested spermatogonia DNA; H, Hpa II-digested spermatogonia DNA; cds, coding sequence.
observation was verified by using three antibodies (Figs. 8 and 9 ). Furthermore, during the first wave of spermatogenesis in WT mice, cells from the intermediate spermatogonia stage through the zygotene spermatocyte stage stained positively for another epigenetic marker of euchromatin, histone H3 acetylated at lysine 9 (acetyl H3K9). In subsequent spermatogenic waves (i.e., adult tissue), staining for acetyl H3K9 was seen only in cells from the spermatogonia stage through to the preleptotene spermatocytes stage (inclusive) (Fig. 4C) . As with acetylated H4, staining for acetyl H3K9 extended to later stages of meiotic prophase in KO germ cells, from intermediate spermatogonia through to zygotene spermatocytes, in both the first and subsequent waves of spermatogenesis (Fig. 4D) . Although euchromatin-specific histone modifications were aberrantly maintained through the leptotene, zygotene, and pachytene stages in KO cells, the opposite was observed for dimethyl H3K9, an epigenetic marker of inactive, condensed heterochromatin. Staining for dimethyl H3K9 was observed in type B spermatogonia to zygotene spermatocytes in WT mice (Fig. 4E) , but in KO germ cells, staining was restricted to type B spermatogonia and preleptotene spermatocytes (Fig. 4F) . However, staining for trimethyl H3K9, a marker for pericentric heterochromatin, did not diverge from WT patterns and was positive from type B spermatogonia onward (data not shown).
We observe here a shift from a heterochromatic state to a euchromatic state in Dnmt3L Ϫ/Ϫ germ cells between leptonema and pachynema. Interestingly, using the same antibodies, almost all epitopes could be detected in both KO and WT mice at all stages in meiotic chromosome spreads (Fig. 10 , which is published as supporting information on the PNAS web site). We suggest that the change from heterochromatin to euchromatin in Dnmt3L Ϫ/Ϫ germ cells loosens chromatin structure to permit some antibodies increased access to their epitopes. Because chromosomes in chromosome spreads are subjected to a lesser degree of aldehyde-mediated protein cross-linking compared with those fixed in situ by Bouin's fixative, they are likely to exhibit greater antigen accessibility (27) , effectively eradicating any differences observed in situ. In support of this interpretation, we found by using IHC that an antibody to unmodified histone H3 showed stronger staining of pachytene spermatocytes in KO compared with WT testis sections (Fig. 4 G and H) .
Discussion
Chromatin structure is central to the epigenetic processes controlling the function and stability of genomes in eukaryotic organisms from yeast to mammals. Here we show that during mouse spermatogenesis, Dnmt3L activity affects DNA methylation not only at paternally imprinted regions but also at other sequences, including unique nonpericentric heterochromatic sequences and interspersed repeats. Later, after at least three cell divisions (28) and differentiation into meiotic spermatocytes, chromatin compaction appears to be affected, as indicated by differences in the accessibility of histone epitopes by IHC. This loss of chromatin compaction coincides with poorly aligned and unpaired chromosomes in zygotene and pachytene spermatocytes, which are known to trigger the pachytene checkpoint (29) , leading to germ cell arrest and apoptosis, as we observed. Furthermore, the germ cell sloughing suggests that the presence of defective spermatocytes may have disturbed paracrine communications with the Sertoli cells (30) , leading to the release of entire clonal lines into the tubule lumen and, consequently, progressive degeneration of the seminiferous epithelium to a Sertoli cell-only phenotype.
The presence of defects in DNA methylation at both imprinted regions and other sequences in Dnmt3L Ϫ/Ϫ cells provides insight into male genome reprogramming. Although some differentially methylated AMP loci are unique nonrepetitive sequences, they often fall within and͞or contain repetitive DNA (H.A., H.S.S., and B.J.C., unpublished data). From four confirmed AMPs in this study, we identified two LINEs, one LTR, and one unique sequence. One of the LINEs and the LTR belong to subfamilies of full-length elements known to be capable of active retrotransposition. The mapping of AMP loci to transposons is consistent with the demonstrated role of Dnmt3L-mediated DNA methylation in the transcriptional silencing of these autonomous LINE and LTR transposable elements during spermatogenesis (8) . Also, the presence of an AMP band in KO germ cells, but not in somatic tissues, indicates that the retrotransposition of a LTR-ERV1 element in the KO germ cell DNA had occurred. This retrotransposition probably results from transcriptional reactivation of a RLTR6Mm-int-ERV1 retroviral element due to hypomethylation, subsequent reverse transcription, and reintegration, resulting in a de novo mutation in the germ cells. Although it is not possible to say from where in the mouse genome the retrotransposed element was derived, the top three sites' BLAT matches were all from the Y chromosome (Table 1) , and, of only 73 sites in the genome with a Ͼ98.5% homology to the cloned AMP, 11 and 13 were from the Y and X chromosomes, respectively. Thus, Dnmt3L is involved in methylation of imprinted regions, some interpersed repeats, and other unique nonpericentric heterochromatic sequences. This finding indicates that during male genome reprogramming, in contrast with female genome reprogramming (5), the methylation of imprinted genes is integrated into a larger program of methylation involving Dnmt3L. Because Dnmt3L can stimulate DNA methylation independent of sequence (4, 31), these sequences may be targeted because of some other shared epigenetic form.
In addition to the DNA hypomethylation detected in Dnmt3L Ϫ/Ϫ spermatogonia, differences in detection of various histone tail epitopes and core H3 histone were observed by IHC in meiotic cells. Differences were found at acetyl groups on histones H3 and H4 and dimethyl groups on histone H3 (Figs. 4,  8, and 9 ). These differences flagged a change of chromatin structure on chromosome arms from a heterochromatic state to a euchromatic state. That this shift in chromatin state is accompanied by a change in general chromatin accessibility was confirmed by the differences observed with core H3 histone antiserum. Despite this, it is difficult to say from our results whether there is also a quantitative difference in the modification of the various histone tail epitopes in KO and WT mice, as opposed to simply a change in epitope accessibility. Nonetheless, a defect in forming compact heterochromatin is likely to be the underlying cause of the failure of chromosome alignment in meiotic spermatocytes.
Heterochromatin is found in large blocks surrounding centromeres and telomeres and is concentrated in smaller domains interspersed throughout the chromosome (32) . Hypomethylation of sequences in nonpericentric heterochromatic regions (D2 and D3 in Table 1 ), in addition to abnormalities in dimethyl and not trimethyl H3K9 antigen accessibility in KO spermatocytes, implies that formation of interspersed heterochromatic regions, and not pericentric or centromeric heterochromatic regions (33) , are defective in Dnmt3L Ϫ/Ϫ meiotic chromosomes. This observation is supported by the recent finding that interspersed autonomous LINE and LTR sequences, but not pericentric repeat sequences, are demethylated in Dnmt3L Ϫ/Ϫ male germ cells (8) . In spermatocytes, compaction of nonpericentromeric heterochromatin could prevent the participation of ubiquitously distributed repetitive sequences in the homology search (13) or, conversely, promote homolog recognition through the arrangement of heterochromatic sequences and associated proteins (34) .
Because Dnmt3L expression is restricted to gonocytes, it does not seem possible that it could directly influence changes in chromatin conformation later in spermatocytes. Instead, it appears that Dnmt3L-mediated DNA methylation in gonocytes influences molecular interactions important for future chromatin compaction in the same way that DNA methylation during embryogenesis precedes histone modifications and is important in setting up the structural profile of chromatin during development (35) .
Note. While this work was under consideration, two related articles were published (7, 8) .
